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20. ,  con’t. 


The  penton  base  (protein  III)  and  the  fiber  (protein  II)  were  characterized, 
which  had  not  been  previously  done.  The  penton  base  had  a  molecular  weight 
of  68,000  and  the  fiber  had  a  molecular  weight  of  30,000  to  33,000. 

Previously,  the  fiber  had  been  identified  incorrectly. 

Fifty  conditionally  lethal,  temperature-sensitive  (ts)  mutants  of  the  type  7 
adenovirus  vaccine  strain  have  been  isolated  and  characterized.  Genetic 
analyses  indicate  that  forty-nine  of  the  mutants  could  be  divided  into  10 
complementation  groups.  Selected  mutants  from  each  group  were  localized  on 
the  adenovirus  genome  by  recombination  and  marker  rescue  analyses.  The 
mutations  were  predominantly  located  in  the  late  transcription  regions  LI,  L2, 
and  L3  which  code  for  the  55-58K  and  Ilia  proteins  (LI),  the  penton  base  and 
pVl  (L2),  and  hexon  protein  (L3).  It  was  striking  that  only  one  mutation 
involved  an  early  gene  product,  the  DNA-binding  protein.  The  Ilia  protein 
mutants  are  potentially  excellent  candidates  for  use  in  an  attenuated,  live 
virus  vaccine  since  it  produces  large  amounts  of  hexons  which  is  the 
primary  antigen  responsible  for  neutralizing  antibodies.  Indeed,  these 
mutants  produce  as  much  inminologically  reactive  hexons,  fiber,  and  penton 
base  as  does  wild-type  7  adenovirus.  This  contract  period  was  devoted  to 
characterization  of  these  mutants  in  greater  detail,  particularly  H7ts88. 
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The  research  supported  during  the  tenure  of  this 
contract  has  produced  data  that  described  the  major 
components  of  the  adenovirus  capsid.  These  capsid  proteins 
were  purified,  their  immunological  properties  were  defined, 
and  the  hexon  was  identified  as  the  predominant  antigen  that 
induces  neutralizing  antibodies.  The  hexon  was  crystalized, 
its  polypeptide  structure  characterized,  and  the  antibodies 
directed  against  the  hexon  polypeptides  were  shown  not  to 
react  with  native  hexons.  Conditionally  lethal, 
temperature-sensitive  mutants  of  type  5  adenovirus  were 
isolated,  characterized,  and  studied  to  reveal  essential 
features  of  formation  of  the  capsomers  and  the  assembly  of 
the  virions.  Temperature-sensitive  mutants  of  type  7 
adenovirus  were  isolated  from  the  accepted  Armed  Forces 
vaccine  strain,  and  they  were  characterized  to  identify  a 
mutant  to  serve  as  a  better  prototype  vaccine  strain.  A 
mutant  in  the  Ilia  protein  gene  was  considered  the  best  ts 
Ad7  virus  as  a  candidate  vaccine  strain  since  infection  with 
it  produced  normal  amounts  of  hexons  without  formation  of 
infectious  virus  at  the  non-permissive  temperature.  Final 
characterization  of  the  ideal  virus  for  use  in  a  vaccine  was 
interrupted  by  cancellation  of  this  contract. 

INTRODUCTION 

At  the  time  that  this  contract  was  initiated  there  was 
only  superficial  and  limited  information  available 
characterizing  the  adenovirus  infectious  particles  and  the 
biochemical  reactions  required  for  viral  replication.  These 
data,  however,  were  deemed  essential  to  approach  prophylaxis 
and  possible  antiviral  treatment  of  the  numerous  infections 
for  which  adenoviruses  were  considered  to  be  etiologic 
agents.  Initially,  the  studies  to  be  summarized  were 
directed  towards  a  detailed  characterization  of  the 
adenovirus  structural  proteins  and  identification  of  the 
viral  protein (s)  responsible  for  inducing  neutralizing 
antibodies.  Attention  was  next  turned  toward  obtaining  a 
better,  and  possibly  safer,  attenuated  virus  vaccine  since 
type  7  adenovirus  was  known  to  be  oncogenic  in  rodents.  The 
Armed  Forces'  type  7  vaccine  strain  was  used  to  derive  and 
characterize  conditionally  lethal,  temperature-sensitive 
mutants . 
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1. *  Purification  and  immunological  characterization  of 

types  4  and  5  adenovirus  soluble  antigens. 

Summary.  A  chromatographic  method  for  the  separation 
and  isolation  of  adenovirus-induced  antigens  from 
homogenates  of  infected  cells  is  described.  This 
procedure,  in  conjunction  with  immunological 
techniques,  has  been  employed  to  identify, 
characterize,  and  compare  the  soluble  antigens  of 
types  4  and  5  adenovirus-infected  HeLa  cells.  By  such 
means  it  was  shown  that  adenovirus-infected  cells  of 
various  origins  produce  three  soluble  antigens  in 
addition  to  infectious  virus.  These  include  a  highly 
type-specific  complement-fixing  antigen,  a  group- 
specific  or  common  complement-fixing  antigen,  and  a 
toxin-like  material  which,  when  added  to  normal  cells, 
causes  rapid  degenerative  changes.  The  immunological 
behavior  of  the  toxin  is  that  of  a  group-specific  or 
common  adenovirus  antigen.  It  was  further  shown  that 
similar  antigens  from  types  4  and  5  adenovirus- 
infected  HeLa  cells  exhibited  strikingly  different 
chromatographic  characteristics. 

2.  Effect  of  proflavine  on  the  synthesis  of  adenovirus, 
type  5,  and  associated  soluble  antigens. 

The  synthesis  of  type  5  adenovirus  in  HeLa  cells  was 
suppressed  to  a  considerable  extent  by  low 
concentrations  of  proflavine,  an  acridine  dye.  In 
comparison,  the  processes  leading  to  the  production  of 
soluble  complement-fixing  antigens  and  toxin  were  less 
sensitive  to  the  action  of  this  chemical.  Addition  of 
proflavine  to  infected  cells  at  different  times  during 
the  virus  growth  cycle  revealed  that  the  processes 
leading  to  the  synthesis  of  soluble  antigens  began 
prior  to  the  first  appearance  of  nev:ly  synthesized 
virus.  This  observation  is  compatible  with  the 
hypothesis  that  the  soluble  antigens  may  represent 
virus  subunits  or  precursor  materials.  In  addition, 
these  data  indicate  that  it  is  possible  to  interrupt 
the  latter  stages  of  the  virus  synthetic  process  by 
addition  of  proflavine  late  in  the  eclipse  period. 


*  Refers  to  number  of  publications  listed  at  end  of  report. 


3.  Protein  synthesis  in  type  5  adenovirus-infected  cells. 
Effect  of  p-f luorophenylalanine  on  synthesis  of  protein, 
nucleic  acids,  and  infectious  virus. 

Synthesis  of  specific  proteins  in  adenovirus-infected 
HeLa  cells  was  studied  utilizing  the  amino  acid  analog 
p-f lourophenylalanine .  Virus  multiplication  and  the 
production  of  specific  soluble  antigens  could  be 
completely  suppressed  by  addition  of  this  compound. 

Two  distinct  stages  were  revealed  within  the  virus 
eclipse  period  when  the  presence  of  analog  prevented 
virus  synthesis.  The  first  or  early  effect  of  p- 
f lourophenylalanine  appeared  to  result  from 
interference  with  production  of  functional  enzymes 
necessary  for  synthesis  of  virus  structural  protein. 

An  overall  picture  of  the  temporal  relationships 
between  DNA,  protein,  and  virus  synthesis  was  obtained 
by  conducting  inhibition  studies  in  parallel  employing 
5-flourodeoxyuridine,  an  inhibitor  of  thymidilate 
synthetase,  as  well  as  p-f lourophenylalanine.  These 
studies  revealed  that  virus  DNA  synthesis  preceded  the 
production  of  virus-specific  protein  by  approximately  2 
hours  and  the  synthesis  of  mature  infectious  virus  by 
about  4  hours. 


Structure  of  type  5  adenovirus.  I.  Antigenic  relationship  of 
virus-structural  proteins  to  virus-specific  soluble  antigens 
from  infected  cells. 


Type  5  adenovirus  was  purified  by  fluorocarbon  (freon  113)  treatment  fol¬ 
lowed  by  banding  in  a  CsCi  equilibrium  density  gradient  This  method  per¬ 
mitted  separation  of  virus  from  normal  host  ceil  materials  and  virus-specific 
soluble  antigens  Virus  banded  in  CsCl  with  a  mean  bouvant  density  of  1  3349 
gm/cm*.  The  three  virus-specific  soluble  antigens  (group-  and  type-specific 
antigens  and  toxin)  banded  together  with  a  mean  bouyant  density  of  1.2&32 
gm  cm*.  The  group-specific  antigen  was  the  predominant  antigen  or  the  puri¬ 
fied  virus  particle,  whereas  the  grouj*  and  type-specific  antigens  were  present 
in  equal  tilers  in  the  antigen  band  Infectious  virus  particles  were  inactivated 
by  prolonged  dialysis  at  pH  10.5.  Centrifugation  of  inactivated  virus  prepara¬ 
tions  in  a  CsCl  equilibrium  density  gradient  resulted  in  separation  of  virus 
DNA  from  specific  antigen:  the  antigens  banded  with  a  mean  bouyant  density 
of  1  2 832  gm/cm*  and  the  DNA  sedimented  to  the  bottom  of  the  tube  The 
predominant  antigen  derived  from  purified  virus  particles  was  the  grout* 
spec  die  antigen  and  it  was  in  the  same  relative  proportion  to  the  tvpe  specific 
antigen  as  measured  in  intact  particles  The  antigens  derived  from  disrupted 
virus  were  immune' ogically  identical  with  the  v.'uble  virus  antigens  present 
in  infected  cells  r 


Structure  of  type  5  adenovirus.  II.  Fine  structure  of  virus 
subunits.  Morphologic  relationships  of  structural  subunits  to 
virus-specific  soluble  antigens  from  infected  cells. 


Purified  type  5  adenovirus  was  disrupted  at  pH  10.5  and  the  capsid  ahown  to 
be  comprised  of  two  characteristic  morphological  subunits  (o)  Holloa  ,  polyg¬ 
onal  structures  corresponding  to  the  virus  capsomeres  seen  in  preparation  of 
purified  vims  and  (a)  thread-like  strands  also  identifiable  in  preparations  of 
purified  virus.  These  structures  were  compared  morphologically  with  purified 
preparations  of  the  group-  and  type-specific  soluble  antigens  characteristically 
produced  in  mammalian  cells  infected  with  adenoviruses  The  group-specific 
soluble  antigen  was  a  homogeneous  preparation  of  hollow,  polygonal  rods 
identical  with  the  virus  capsomeres.  The  type-specific  soluble  antigen  corre¬ 
sponded  to  the  thread-  or  fiber-like  components  of  the  purified  virus  panicle. 
Inspection  of  disrupted  virus  preparations  confirmed  earlier  immunological 
data  which  indicated  that  the  major  virus  antigen  was  the  groupspecific 
soluble  antigen  These  data  provide  convincing  evidence  for  the  hypothesis 
that  the  adenovirus-induced  soluble  antigens  represent  virus  subunits  pro¬ 
duced  in  excess 


Production  of  specific  neutralizing  antibody  with  soluble 
antigens  of  type  5  adenovirus. 


Injection  into  rabbits  of  viru^* 
free  soluble  antigen  preparations  obtained 
from  t>7*  5  adenovirus-infected  HfLa  cell- 
results  in  production  of  specific  virus  neu¬ 
tralizing  antibody.  The  neutralizing  anti¬ 
bodies  are  present  in  antisera  in  high  titer 
and  arc  completely  type-specific  This  is  in¬ 
terpreted  as  evidence  that  the  virus-induced 
soluble  antigens  are  structurally  related  to 
virus  protein  Adsorption  studies  employing 
purified  group-specific  (L)  antigens  derived 
from  type?  2,  4,  and  5  virus-infected  celis 
and  antiserum  specific  for  the  type  5  L  anti¬ 
gen  re\eal  baric  immunological  differences  in 
these  ‘common  group”  antigen?  The  t\j>e  5 
L  antigen  crosweacted  with  type  2  and  4 
antigen-,  however,  the  type  5  antigen,  in 
addition,  had  an  antigenic  reactivity  which 
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7.  Characterization  of  a  new  viral  component  of  type  5 
adenovirus  by  immunoelectrophoresis . 

In  extracts  of  adenovirus  infected  cells  the  presence 
of  3  viral  soluble  antigens  has  been  reported.  The 
soluble  antigens  represent  structural  subunits  of  the 
virus  produced  in  excess,  and  they  are  identical  to  the 
antigens  isolated  from  the  virus  particle  itself. 

In  this  report  a  new  antigen  of  the  type  5  adenovirus 
virion  will  be  discussed.  The  antigen  could  be 
detected  by  immunoelectrophoresis  of  purified  virus 
disrupted  by  dialysis  against  pH  10.5  bicarbonate 
buffer,  and  only  if  the  antiserum  used  for  the 
immunodiffusion  was  made  against  purified  virus.  The 
antigen  could  not  be  found  in  the  soluble  antigen 
fraction.  The  new  antigen  was  separated  from  the  3 
known  viral  antigens  by  immunoelectrophoresis,  and  it 
could  be  demonstrated  that  the  new  antigen  is 
immunologic  from  the  3  other  antigens. 

The  new  viral  component  could  be  separated  from  2  of 
the  3  other  antigens  by  rate  zonal  centrifugation  in  a 
linear  sucrosegradient . 


8.  Intracellular  uncoating  of  type  5  adenovirus  deoxyribonucleic 
acid. 


Highlv  purified.  r/’  labeled  tvpe  5  adenovirus  was  emp)p>ed  to  stud*  ‘  un.oai 
inf'  of  viral  dtoxv  ribonucleic  acid  <DNA>  -defined  as  the  development  of  sensi 
(in it \  to  dioxv rihonuckase  Viral  infecitv it>  and  radioactiwtv  adsorbed  to  KBtclK 
a i  the  s.inu  raU  and  significant  amount*  of :  F’  did  no!  cluU  front  cell*  Itvoughoui 
tht  eJipx  pr'iod  Kinetk  studies  of  viral  penetration,  eclipse  of  infcctivilv .  and 
uru luting  ol  vir.il  DNA  indkalcd  that  l he  three  events  were  clox.lv  related  tempo 
rails.  that  Iht  rate*  of  each  were  similar,  and  that  ibe>  were  completed  within 
to  91 1  mm  after  infection  Viral  penetration,  eclipse  and  uncoating  proceeded  nor 
mallv  under  conditions  whkh  blocked  protein  svnthesis.  but  the>  did  not  occur  at 
(i  to  4  C  Neither  viral  DNA  nor  viral  protein  was  degraded  to  acid  soluble  material 
dunnp  t he  eclipx  period  The  nature  of  adenovirus  DNA  wav  studied  after  it  wa* 
converted  intra.ellularlv  from  dtoxv  ribonuc lease  resistant  to  deoxv  nbonucleasc 
susceptible  Fntact  virions  centrifuged  in  sucrose  gradients  had  a  sedimentation 
coeflkient  of  approximate!)  fvCKI.  and  viral  DNA  sedimented  as  a  particle  of  about 
30 S  Infection  of  KB  cells  with  purified  rF  labeled  virus  yielded  deox  v  nbonucleasc 
susceptible  viral  nuclei*,  acid  whkh  was  in  particles  with  sedimentation  coeftkients 
of  350  to  4505,  if  greater  than  10  tmx's  faster  than  DNA  obtained  from  purified 
virions  whkh  had  been  disrupted  bv  exposure  to  pH  10  5  When  the  DNA  from 
disrupted  virions  was  mixed  with  cell  l> sates,  it*  sedimentation  characteristics  were 
esxntiallv  unchanged  bv  the  prexnct  of  cellular  material 


Mechanism  by  which  fiber  antigen  inhibits  multiplication 
of  type  5  adenovirus. 


Purified  fiber  antigen  of  type  5  adenovirus  inhibited  the  multiplication  of  type  5 
adenovirus  b>  50' ,  when  35  *ig  or  fiber  antigen  protein  was  added  to  1(>  KB  eelb 
in  suspension  culture  Although  the  fibei  antigen  reduced  the  numb.';  of  virions 
adsorbed  per  cell  when  a  multiplied  of  infection  of  50.000  plaque-forming  units 
(PFUwcrtl  was  employed.  the  number  of  cells  infected  wo^  not  diminished  under 
these  conditions  If  a  low  muliipl»cit>  of  infection  (1.1  PFU  'cell  was  used,  viral  ad 
sorption  was  not  deteciablv  decreased  The  fiber  antigen  did  not  reduce  the  capabil 
it)  of  virions  to  liberate  their  viral  deoxyribonucleic  acid  <DNA  The  biosynitv 
se<  of  DNA.  ribonucleic  acid  CRN  A;, land  protein  were  blocked  about  20  to  25  hr 
after  the  addition  of  fiber  antigen  to  Cultures  of  uninfected  or  type  5  adenovirus 
infected  KB  cells  Most  of  the  fiber  antigen  protein  became  cell -associated  between 
22  and  5b  hr  after  it  was  added  to  cells  The  hexon  antigen  neither  inhibited  viral 
multiplication  no:  blocked  the  biosynthesis  of  DNA,  RNA  or  protein  Moreover, 
the  hexon  did  not  attach  to  KB  cells  The  profound  effects  of  the  fiber  antigen 
were  not  due  u  the  induction  of  an  interferon  like  substance  for  actinomvcin  D 
did  not  reduce  the  ability  of  the  fiber  to  inhibit  multiplication  of  t\pc  1  poliovirus 


Inhibition  of  host  protein  synthesis  in  type  5  adenovirus 
infected  cells. 


The  effect  of  type  5  adenovirus  infection  on  the  ssnthesis  of  host  cell  proteins  b> 
suspension  cutlurpN  of  KB  celh  wav  investigated  Although  total  protein  s>nthesiv 
continued  at  h  constant  rate  for  approximate!)  36  hi.  net  Synthesiv  of  five  host 
enzvmes  tlactu  dehsdrogenase,  acid  phosphatase  deoxvnbonuclea*  fumarase. 
and  phosphogluvose  isomerase>  was  found  to  stop  16  to  20  hr  after  infection  The 
s>nthesis  of  alkaline  phosphatase  slopped  9  to  12  hr  after  infection  The  inhibition 
of  host  protein  ssnthesis  occurred  shortlv  after  the  synthesis  of  viral  antigens  had 
begun,  accounting  fo'  the  continued  synthesis  of  total  protein  An  investigation  of 
the  relationship  between  ssnthesis  of  viral  antigen^  and  inhibition  of  host  protein 
svnthesiN  > itldcd  results  which  suggest  that  the  two  processes  are  ir.  some  wa> 
coupled 


Role  of  adenovirus  structural  proteins  in  the  cessation  of  host 
cell  biosynthetic  functions. 


Two  of  the  adenovirus  capsid  proteins  the  fiber  and  the  hexon  completed  with 
either  KB  cel!  or  type  5  adenovirus  deox > ribonucleic  acid  (DSA  Maximal  binding 
occurred  ai  0  01  m  NaCI.  increasing  the  ioni,  strength  of  t hi  reaction  mixture  to  0  2 
m  NaCI  resulted  in  a  decrease  in  the  association  of  either  antigen  to  DNA  Variations 
of  pH  between  6  3  and  8  4  did  not  affect  the  binding  of  fiber  antigen  to  DNA 
Below  pH  7.5  however  ,  there  was  a  small  decrease  in  the  ability  of  the  hexon  to  bind 
nucleic  acid  The  association  between  the  adenovirus  structural  proteins  and  DNA 
was  reversible  and  was  independent  of  whether  the  DNA  was  native  or  denatured 
The  fiber  or  hexon  protein  inhibited  the  DNA  dependent  ribonucleic  acid  (RNA> 
polv  merase  and  the  DNA  polymerase  from  K  B  cells  On  a  weight  basis  the  fiber  pro 
tern  inhibited  en/ymatic  activity  to  a  greater  extent  than  the  hexon  Increasing  the 
template  DNA  concentration  decreased  this  inhibition  The  inhibition  of  the  DNA 
dependent  RNA  polymerase  activity  by  either  antigen  could  be  reversed  bv  increas 
ing  the  ionic  strengih  of  the  reaction  mixture  After  infection  of  KB  cells  with  tvoe  5 

fn  xi°K,rUTkthe  Jevc,stof  DNA  and  RNA  polymerases  remained  unchanged  for  15 
20  hr.  Thereafter,  the  specific  activity  of  both  enzymes  decreased  Bv  30  hr  post 

u°n  i  n  fee  ted  cel  ^  ^  ab°Ul  3°' <  °f  the  tiayn*  an,v,t’es  in 


Cytoplasmic  synthesis  of  type  5  adenovirus  capsid  protein. 


-That  fvnthesi*-  of  viral  capsid  proteins  is  accomplished  in  the 
cytoplasm  of  cells  infected  with  type  5  adenovirus  was  demonstrated  with  three 
independent  methods:  (1)  autoradiography,  (2)  immunological  coprecipitation 
of  proteins  on  polyribosomes  obtained  by  centrifugation  of  cytoplasmic  extracts 
in  linear  sucrose  gradients,  and  (3)  hybridisation  between  denatured  viral  DNA 
and  RNA  isolated  from  polyribosomes  Synthesis  of  the  nascent  viral  poly¬ 
peptide  chain'  was  accomplished  rapidly  on  200S  polyribosomes,  after  which 
thev  were  quickly  released  and  transported  into  the  nuclei. 


Synthesis,  transport,  and  morphogenesis  of  type  5  adenovirus 
capsid  proteins. 


During  the  period  between  20  and  24  hr  after  infection  of  KB  cells  with  type  5 
adenourus,  at  a  lime  when  approximate!)  85^’  of  the  proteins  rrude  were  virus 
specific,  viral  proteim  were  synthesized  on  polyribosomes  with  an  average  sedi 
mentation  coefficient  of  2(K)S  The  polypeptide  chains  synthesized  during  a  1-min 
period  of  labeling  with  amino  acid^  had  an  average  sedimentation  coefficient  of 
3  45  in  sucrose'  gradients  containing  1 r ,  sodium  dodecyl  sulfate  Within  1  min  after 
completion,  ibe  newly  made  poly peptide  chains  were  released  from  polyribosomes, 
and  the  majority  were  transported  into  the  nuclei  within  6  rrun  Meanwhile,  the  im 
munological  reactivity  of  the  newly  synthesized  proteins  also  increased  rapidly 
During  the  sami  6  min  interval  after  synthesis,  the  single  polypeptide  chains  as 
scmbled  into  mullirnerii  proleim  with  average  sedimentation  coefficients  of  65,  95, 
and  125  Tfn  65  and  125  protein*  wcr«.  identified  immunologically  i  s  the  fiber  and 
hexon  capsid  proteins  respectively  The  95  protein  was  trypsin  sensitive  and  ap 
peered  to  be  ihe  precursor  of  the  penton.  it  was  tentatively  identified  av  the  penton 
base  The  penton  had  a  sedimentation  coefficient  of  about  10.55  and  sedimented  with 
the  hexon  in  sucrose  gradients  The  concomitant  migration  of  nascent  proteins  into 
the  nuclei,  development  of  the  capsid  proteins’  immunological  reactivity,  and  mor 
phogene^is  of  the  multimenc  capsid  proteins  suggest  that  the  Single  polypeptide 
chains  or  small  complexes  were  transported  into  the  nuclei  where  they  asse  mbled 
into  mature  structural  proteins  of  the  virion 


Characterization  of  crystals  of  t.voe  5  adenovirus  hexon 


■J>vr»J><  crystal*  of  typo  6  adenoviru*  hexon  h»vt  boon  rtuOiod  by  A  rmy 
diflroction  Thrcrystal*  belong  to  thecubir»pecfpx>ui  FJ,S  wjtho  «=  <■•=  UP  PA 

The  protein  in  the  «*ymmetnr  unit  probohlx  roprooonte  one  third  of  •  hexon 
Those  crystal*  differ  from  the  description  of  the  tetrmhedr*)  crystals  of  type  6 
adenovirus  hexon  reported  by  MscintyTe.  Pereira  4  Russel!  (1#6P)  but  ar< 
»omorphouf  with  the  bipyramid  a! -shaped  cryatal*  of  type  l  adenoviru*  hexon 
studied  by  Franklin,  Perteraeon.  Akerval).  Strandberp  4  Phihpoon  (1P7J) 


Synthesis  in  vitro  of  type  5  adenovirus  capsid  proteins 


Reaction  mixtures  containing  cytoplasmic  extracts  end  ribosomal  fractions  pre¬ 
pared  from  KB  cells  infected  with  type  5  adenovirus  were  able  to  carr>  out  incor¬ 
poration  of  amuno  acids  into  protein  The  in  vitro  product  included  proteins  which 
reacted  specificallv  with  antisera  to  adenovirus  capsid  proteins,  in  control  expen 
menu  with  extract'-  from  uninfected  cells,  no  reaction*-  wjih  the  antisera  were  found 
The  viral  protein*-  were  synthesized  in  vitro  on  small  polyribosome?,  were  released 
from  them,  and  significant  numbers  of  the  free  polypeptides  were  assembled  in  vitro 
into  muhimenc  adenovirus  capsid  structures 


Selection  and  prel iminary  characterization  of  temperature- 
sensitive  mutants  of  type  5  adenovirus 


Light  temperature  sensitive  (l>^  mutants  that  replicate  normally  at  32  C  but 
poor!),  if  a:  all.  at  39  5  C  have  been  isolated  fron rmitagemzed  stocks  of  a  wild 
type  strain  of  type  5  adenovirus  Three  mutap  m  wen  emploved  nirou-  acid 
hydroxy  Jaminc .  and  nitrosoguarudim  Is  mutant*-  wvn  isolated  fn>'v  nuiag- m/ed 
viral  Stocks  with  frequencies  between  0  01  and  0  1%  All  eight  mutant-  had  reversion 
frequencies  oflft  ‘orlesx  Complementation  experiments  in  doubly  infected  culture^ 
at  tht  nonperrmssivt  temperature  separated  tht  mutant^  into  three  nonoverlapping 
complementation  groups  Complenx’mation  yield?  ranged  from  a  2  3  to  a  3,<XXi 
fold  increase  over  the  sums  of  the  yields  fron  thi  two  singly  infected  controls 
Genetic  recombination  was  also  demonstrated,  approximate  re.  orv.N  nation  fri 
qutncies  ranged  from  0  I  to  15%.  Preliminary  biochemical  and  immunological 
characterization  of  the  mutants  indicated  that  (i)  the  single  mutant  in  compli 
mentation  group  )  did  not  replicate  its  deovyribonuclck  a^id  (DNA  or  synthesize 
lau  proteins  at  the  nonpcrrmsMvc  temperature  but  did  inhibit  host  DNA  synthesis 
to  25%  of  an  uninfected  control,  (in  the  four  group  11  mutants  repeated  viral  DNA, 
shut  off  host  DNA  synthesis,  synthesized  penton  bav  and  fiber,  but  did  not  svn 
thesizc  immu  nolog  ically  detectable  hexon,  the  three  mutants  in  complementation 
group  III  synthesized  viral  DNA,  shut  off  host  DNA  synthesis  and  madi  unmjno 
logically  reactive  capsid  proteins  (hexon.  penton  ban,  and  fiber; 
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Hexon  peptides  of  types  2,  3,  and  5  adenoviruses  and  their 
relationship  to  hexon  structure 

Peptide  of  hexon^  from  l\p<  2  end  5>  (subgroup  II! >  and  tvp  3  (F-ubgroup  )l 
adenovirus  wm  prt»duced  by  treat  mem  with  cvanogrn  bromide  and  ^en 
separated  b\  isoclertru  focusing  in  pnlyacrv lan.irU  gel-  containing  h  M  urea 
Peptide-  with  identical  isoelectric  points.  bui  frun.  diflerent  he  xor,  tvpe-.  were 
considered  to  have  structural  similarities  According  to  this  criterion  for  chemical 
relatedness,  about  two-thirds  of  the  type  2  and  5  hexon  peptider  may  be 
considered  similar  In  contract,  the  majority  of  the  lypf  3  hexon  peptides  differed 
chemically  fron-  peptides  of  type  2  and  5  hexons  Virion^  and  fret  hexons  were 
iodmated  with  "‘l  in  thf  presence  of  lactoperoxidasc  and  H,0,  When  * **J 
labeled  virions  were  disrupted  end  thf  hexon  was  purified,  thf  h;gh)\  labeled 
c> ant»pen  bromide  peptide-  had  pi  values  greau  r  than  6  b.  somf  unique  as  well  as 
some  common  peptides  were  labeled  When  purified  hexons  from  thf  excess 
cellular  p<»oI  were  iodmated  peptides  common  to  types  2  3  and  5  (peptides  12 
and  14  i  wfrf  most  extensiveh  labeled  Thus  hexons  assembled  in  virion-  and 
those  fref  in  solution  were  iodmated  different !\  The  date  suggest  that 
immunolopjtalh  the  htxons  in  viral  capsids  reart  differently  fron  unassembled 
hexons  because  the  polypeptide  chain-  assume  slightly  difleren*  folding  configu 
rations  in  the  two  hexon  forms  and  therefore  expose  different  regions  of  thf 
protein  to  antibodies 

Antibody  to  the  type  adenc-virus  hexon  polypeptide:  Detection 
of  nascent  polypeptides  in  the  cytoplasm  of  infected  KB  cells 

Summon  Antihodv  to  tvpc  5  adenovirus  hexon  pobpeptides  reacted  with  the  isolated 
hexon  pol> peptide  chains  (monomers '  hu*  no:  * ith  the  nato c  mulnmefiw  hexon  capsomers 
<  i rimers  t  Indirect  immuno^uo-eswencc  deie*  led  hexor,  poS  peptides  mainh  ir  the  cytoplasm 
of  K  B  ce  I  is  infected  with  tvpe>  ?  and  5  adcr  c»«  iruses  Celts  mfev.  ted  w  uh  adenovirus  mutants 
HMsI  lf>  or  Hfisl  1  5.  which  arc  defective  ir  the  production  of  immunological's  detectable 
hexons.  synthesized  immunoiogicalls  detectable  hexon  polvpeptidcs  at  the  nonpcrmissive 
temperature 


Polyamines  in  type  5  adenovirus-infected  cells  and  virions 


The  incoTporat ion  of  i  ■  l‘*C  }nrr.. thine  and  [MC]pulrescim  tnlr  putresemf, 
spermidint .  and  spermine  ir.  t s f  adf  »ru-  infe<  ted  KB  cells  wa-  identical  to 
that  in  uninfected  contrul  cell  earl>  in  infection  but  incorporation  s n 1 1 > 
pulrescinf  slopped  after  b  to  12  h  and  thf  ratf  of  incorporation  into  spermidine 
was  reduced  between  12  end  20  h  after  infection  Thf  amount  of  polyamines 
found  asvioiated  w  ith  purified  virus  could  neutralize  a  maximum  of  3  to  4^  of  thf 
virus  DNA.  but  th*  err, all  quantities  of  polyemines  detected  could  not  b( 
distinguished  fron,  nonspecific  b.nd.ng  of  polyarnine-  to  virion-  These  data 
suggest  that  polvamme-  art  probably  not  integral  components  of  adenovirus 
part  k  les 


Characterization  of  temperature-sensiti ve ,  hexon  transport 
mutant  of  type  5  adenovirus 

Infection  of  KB  cells  at  39.5°C  with  H5U147,  b  temperature-sensitive  (ts^ 
mutant  of  tvp<  5  adenovirus,  resulted  in  the  cytoplasmic  accumulation  of  hexon 
antigen,  all  other  vinon  proteins  measured,  however,  were  normally  trans 
ported  into  the  nucleus  Immunofluorescence  techniques  were  used  to  study  the 
intracellular  location  of  viral  proteins  Genetic  studies  revealed  that  H5tsl47 
w  as  the  single  member  of  a  nonoverlapping  complementation  group  and  occu¬ 
pied  a  unique  locus  on  the  adenovirus  genetic  map,  distinct  from  mutants  that 
failed  to  produce  immunologieally  reactive  hexons  at  39.5°C  ("hexon-minus” 
mutants^  Sedimentation  studies  of  extracts  of  H5tsl47-infected  cells  cultured 
and  labeled  at  39  56C  revealed  the  production  of  12S  hexon  capsomers  (the 
native,  trimerir  structures),  which  were  immunoprecipi table  to  the  same  extent 
as  hexons  synthesized  in  wild-type  (WT>-infected  cells  In  contrast,  only  3 AS 
polypeptide  chains  were  found  in  extracts  of  cells  infected  with  the  class  of 
mutants  unable  to  produce  immunologieally  reactive  hexon  protein  at  39  5°C 
Hexons  synthesized  in  H5tsl 47- infected  cells  at  39  5eC  were  capable  of  being 
assembled  into  vinons,  to  the  same  extent  as  hexons  synthesized  in  WT-infected 
cells,  when  the  temperature  was  shifted  down  to  the  permissive  temperature. 

32"C  Infectious  virus  production  was  initiated  within  2  to  6  h  after  shift -down  to 
32CC,  de  novo  protein  synthesis  was  required  to  alio*  this  increase  in  viral  titer 
If  ts  147 -infected  cells  were  shifted  up  to  39  5cC  late  in  the  viral  multiplication 
cycle,  viral  production  was  arrested  within  ]  to  2  h  The  kinetics  of  shutoff  was 
similar  to  that  of  a  WT-infected  culture  treated  with  cycloheximide  at  the  time  of 
fihift-up  The  P-M  nonvirion  polypeptide,  the  precursor  to  virion  protein  VI,  was 
unstable  at  39.5*0,  whereas  the  hexon  polypeptide  w  as  not  degraded  during  the 
chase  It  appears  that  there  is  a  structural  requirement  for  the  transport  of 
hexons  into  the  nucleus  more  stringent  than  the  acquisition  of  immunological 
reactivity  and  folding  into  the  12S  form 


Characterization  of  type  5  adenovirus  fiber  protein 


Type  5  adenovirus  fiber  protein  was  purified  and  subjected  to  chemical 
characterization  Equilibrium  sedimentation  ultracentrifugation  analysis  indi¬ 
cated  that  the  intact  fiber  has  e  molecular  weight  of  approximately  183.000. 
Denaturation  and  chemical  analyses  implied  that  thf  fiber  consists  of  three 
polypeptide  chains,  each  of  about  61,000  mo)  wt  Mapping  of  tryptic  peptides 
and  electrophoretic  separation  of  the  constituent  chains  suggested  that  the  intact 
fiber  consists  of  two  identical  and  one  unique  polypeptide  chains 


Purification  and  preliminary  immunological  characterization 
of  the  type  5  adenovirus,  nonstructural  100K  protein 


L,oU)lrfTrftnJr,r  !!  ^00>090;dal,on  HOOK)  protein  of  type  S  adenovirus 

“d  Punf,ed  from  infected  KB  cells  by  a  combination  of  ion-exchanee 
and  affinity  chromatographies  Rabbit  antiserum  containing  specific  100K  protein 

arithwfllTt***  UWd  *"“*"*•  mim^ofluorescencf  examination  of  cells  infected 
*.th  wild-type  virus,  JOOK  mutants,  and  hexon  mutants  The  100K  protein  wh  rh 

infected  with  wdd  type  and  mutant  viruses  '  *  eus 
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23.  Characterization  of  twr  temperature-sensi tive  mutants  of 

type  b  adenovirus  with  mutations  in  the  1000 .ODO-dal ton 
protein  gene 

Complementation  analysi*-  avupnr d  thf  mutation*'  of  strain'  Hhfsltb  and 
H.SM16.  two  hexonnunu*-  mutant.*'  to  th<  100.(**'*da)ton  0(K‘K*  protein  pent 
Ht-WTotypi'  market  resruc  (i  t  .  type  5  edt  no' iru«-  |Adr>]  tempo  raMirt*  sentit  n  e 
mutant>  DNA  *  £coKl  restric  tion  fragment*'  of  Ad2  DNA)  confirmed  the  result^ 
of  previous  market  rescue  mapping  studies,  and  the  heterotypic  recombinants 
yielded  unique  hybrid  (AdS-Ad2)  100K  proteins  which  were  intermediate  in  size 
bet  ween  Ad5  and  Ad2  proteins  and  appeared  to  be  as  functional))  active  as  the 
wild-type  100K  protein  Phenot\pic  characterization  of  these  mutants  showed 
that  both  the  hexon  polypeptides  and  the  )OOK  polypeptides  were  unstable  at  the 
non  permissive  temperature,  whereas  fiber  and  penton  were  not  degraded,  and 
that  the  100K  protein  made  at  39  5CC  could  not  be  utilized  after  a  shift  to  the 
permissive  temperature  (32CC)  The  role  of  the  100K  protein  in  the  assembly  of 
the  hexon  tnmer  was  also  examined  by  in  vitro  protein  synthesis  Normally, 
he  xon  polypeptides  synthesized  during  an  in  vitro  reaction  art  assembled  into 
immunoreectne  hexons  However,  this  assembh  was  inhibited  by  pmncubation 
of  the  cel)  extract  with  anti-lOOK  immunoglobulin  G.  neither  anti-fiber  immuno¬ 
globulin  G  nor  normal  rabbit  immunoglobulin  G  inhibited  hexon  assembh.  It  is 
postulated  that  an  interaction  between  the  1C>JK  protein  and  hexon  polypeptides 
is  required  for  effective  assembh  of  hexon  tnmers 


24.  Characterization  of  a  temperature-sensitive  fiber  mutant  of 

type  5  adenovirus  and  the  effect  of  the  mutations  on  virion 
assembly 

A  temperature-sensitive,  fiber-minus  mutant  of  type  5  adenovirus  H5/.042. 
wav  biochemically  and  genetically  characterized  Genetic  studies  revealed  that 
HNm14?  wav  a  member  of  one  of  t he  three  apparent  fiber  complementation  groupv 
which  were  delected  owing  to  intracistromc  complemeniattor.  Recombination 
ana)>ses  showed  that  it  occupied  a  unique  locus  at  the  right  end  of  the  adenovirus 
genetic  map  At  the  nonpermissive  temperature,  the  mutant  made  stable  polypep 
tides,  but  the>  were  not  gl>cosylaied  like  wild  type  fiber  polypeptides  Sedimen 
tation  studiev  of  extracts  of  H5/.042-infecied  cells  cultured  and  labeled  at  3V. 56C 
indicated  that  a  limited  number  of  the  fiber  poly peptides  made  at  the  nonpermiv- 
sive  kmpera'urt  could  asvembk  into  a  form  having  a  sedimentation  value  of  6S 
0  e  .  similar  to  the  tnmenc  wild-tvpe  fiber),  but  that  this  6S  structure  was  not 
immunological!)  reactive  When  H5/3l4?-mfected  cells  were  shifted  to  the 
permissive  temperature.  32  C.  fiber  polypeptides  synthesized  at  39  5CC  were  av 
capable  of  being  avsembled  into  vinons  as  fibers  synthesized  in  w  ild  1y  pe-infecled 
c el  1  v  dt  novo  protein  synthesis  was  not  required  to  allow  this  v inon  assembl)  In 
H5/3l42-infected  cells  incubated  at  39.5CC.  viral  proteins  accumulated  and 
aggregated  into  particles  having  physical  charactenstics  of  empty  capsids  These 
particles  did  not  contain  DNA  or  its  associated  core  proteins  However,  when  the 
infected  culture  was  shifted  to  32CC.  DNA  appeared  to  enter  the  empty  particles 
and  complete  vinonv  developed  The  intermediate  paruclev  obtained  had  the 
morphology  of  adenoviruses,  but  they  contained  less  than  unit-length  viral 
genomes  av  mcavured  by  their  buoyant  density  in  a  CsCI  drnsily  gr^dien:  and  the 
size  of  their  DN  A  av  determined  in  both  neutral  and  alkaline  sucrose  gradients 
The  reduced  size  of  the  intermediate  particle  DNA  wdv.  demonstrated  to  be  the 
result  of  mvompletely  packaged  DNA  molecules  being  fragmented  during  the 
preparative  procedures  Hybridization  of  labeled  DNA  extracted  from  the  inter¬ 
mediate  particles  lo  filters  containing  restriction  fragments  of  the  adenovirus 
genome  indicated  that  the  molecular  left  end  of  the  viral  genome  preferentially 
entered  these  particles 
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25.  Selection  and  characterization  of  temperature-sensitive 

mutants  of  type  7  adenovirus 

Fifty  temperature-sensitive  mutants  of  type  7 
adenovirus  have  been  isolated,  following  treatment  of 
the  vaccine  strain  of  virus  with  hydroxylamine  (36/398 
plagues  tested  i.e.,  9%  mutation  frequency)  or  nitrous 
acid  (14/367  plaques  tested  i.e.,  3.8%  mutation 
frequency) .  The  mutants  were  plaque  purified  2  times 
on  human  foreskin  (HF)  cells,  high  titer  stocks  were 
grown  and  their  growth  characteristics  were  examined. 
The  ratio  of  yields  of  these  mutants  at  39.5°C/32° 
ranged  from  4.7x10-3  to  2.7x10-7,  while  their  reversion 
frequencies  (i.e.,  the  ratio  of  plating  efficiency  at 
39 . 5°C  to  that  at  32°C)  ranged  from  <2.7x10-4  to 
<2.2x10-7. 

All  but  one  of  the  49  mutants  examined  made 
immunologically  reactive  late  antigens  at  39.5°C,  as 
detectable  by  immunofluorescence.  Forty  eight  of  the 
mutants  have  been  classified  by  complementation 
analyses.  They  were  originally  placed  in  10 
complementation  groups  (A-J)  but  a  more  detailed 
analysis  revealed  considerable  overlap  between  groups  B 
and  C,  and  these  are  now  thought  to  form  a  single 
group,  whose  members  undergo  intracistronic 
complementation.  Similarly,  H7ts55,  the  single  member 
of  group  F,  fails  to  complement  two  mutants  of  group  G 
(H7ts62  and  H7ts83 ) ,  suggesting  that  it  may  well  be  a 
member  of  the  latter  group. 

Intertypic  complementation  analyses  were  carried 
out  between  the  Ad7  mutants  and  6  Ad5  ts  mutants  in 
order  to  obtain  preliminary  data  on  the  lesions  induced 
in  the  Ad7  mutants.  The  genetic  lesions  of  the  Ad5 
mutants  used  have  been  defined  as  follows: 

H5tsl28  -  hexon  gene 
H5tsl47  -  hexon  gene 
H5tsll6  -100K  protein  gene 
H5tsl42  -  fiber  gene 
H5ts49  -  Ilia  protein  gene 
H5tsl25  -  DNA-binding  protein  gene 


From  the  data  obtained  it  is  clear  that  17 
mutants,  comprising  groups  B/C,  D  and  E  failed  to 
complement  both  the  hexon  and  the  100K  mutants, 
suggesting  that  both  gene  products  are  necessary  for 
assembly  of  functional  hexons  and  that  their 
interaction  is  type  specific.  Only  one  mutant  (H7ts64, 
group  D)  is  potentially  a  fiber  mutant,  since  it  gave  a 
very  low  complementation  index  when  crossed  with 
H5tsl42.  The  early  mutant  H7ts93,  was  the  only  mutant 
to  fail  to  complement  H5tsl25.  All  mutants 
complemented  H5ts49. 


Genetic  studies  of  temperature-sensitive  mutants 
can  give  rise  to  some  ambiguities.  Such  studies, 
therefore,  were  amplified  by  physical  mapping 
techniques.  The  marker  rescue  technique  was  used  to 
localize  the  sites  of  mutations  along  the  genome  for 
selected  Ad7  mutants.  The  data  obtained  show  that  the 
mutations  in  members  of  complementation  groups  B/C  and 
E  are  situated  between  map  co-ordinates  50.4  and  60.2, 
which  taken  together  with  the  genetic  evidence, 
indicates  that  they  are  lesions  in  the  hexon  gene. 
Mutants  in  groups  F/H  and  G  were  mapped  between 
co-ordinates  34  and  36.7,  which  placed  them  in  the  LI 
family  of  gene  transcripts,  coding  for  the  52/55K 
proteins  and  Ilia  protein.  Three  of  the  mutants  in 
complementation  group  J  (H7ts21,  H7ts38  and  H7ts61) 
were  mapped  between  co-ordinates  36.7  and  42,  while  the 
fourth  member  of  the  group,  H7ts85,  was  located  between 
co-ordinates  44  and  47.  These  data  place  members  of 
group  J  in  the  L2  transcription  unit,  most  probably  in 
the  penton  base  gene. 


Phenotypic  Characterization 


Mutants  in  complementation  groups  B/C,  D  and  E  do 
not  accumulate  trimeric  hexons  in  the  nucleus  at 
39.5°C,  as  detected  by  immunofluorescence,  in  agreement 
with  genetic  and  physical  mapping  data.  Mutants  in 
complementation  groups  F/H,  G,  I  and  J  accumulate 
similar  amounts  of  hexon  trimers  in  the  nucleus  at 
39.5°C  as  the  WT  virus. 
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Members  of  complementation  groups  F/H,  G  and  I 
assemble  empty  capsids,  which  band  at  a  bouyant  density 
of  1 . 3 Ogms/ml ,  as  well  as  particles  which  band  at  a 
density  of  1.26gms/ml,  but  fail  to  assemble  DNA- 
containing  virions.  Analysis  of  the  particles  by 
electrophoresis  in  SDS-polyacrylamide  gels,  revealed 
that  the  empty  capsids  of  the  mutants  did  not  contain 
proteins  V  and  VII  and  that  their  pattern  was 
indistinguishable  from  that  of  the  empty  capsids  of  WT 
virus.  Particles  with  bouyant  density  of  1.26gms/ml 
consisted  almost  entirely  of  penton  base  and  fiber, 
and  were  identical  to  those  seen  in  WT  lysates. 

All  the  major  viral  structural  proteins  present 
in  lysates  of  cells  infected  by  the  F/H  and  G  group 
mutants  at  39.5°C  were  immunologically  reactive  in  an 
immunoprecipitation  test,  and  polypeptides  made  by 
these  viruses  at  the  non-permissive  temperature  were 
stable  upon  prolonged  chase  at  39.5°C.  Examination  of 
DNA  present  in  KB  cells  infected  with  H7ts88  (group  G) 
at  39 . 5°C  showed  that  the  viral  DNA  was  unit  length  and 
did  not  degrade  upon  chase.  Therefore  there  is  not  a 
satisfactory  explanation  for  the  failure  of  DNA  of 
these  mutants  to  be  packaged  into  capsids. 

Mutants  belonging  to  complementation  group  J 
assemble  two  types  of  DNA-containing  particles,  which 
band  at  a  bouyant  density  of  1.36  and  1.34gms/ml,  as 
well  as  the  empty  capsids,  but  fail  to  assemble 
particles  with  bouyant  density  of  1.26gms/ml. 

Analysis  on  alkaline  sucrose  gradients  of  particles 
with  bouyant  density  1.36  and  1.34gms/ml,  revealed 
that  the  DNA  present  was  of  unit  length.  Examination 
of  the  polypeptide  composition  of  these  two  types  of 
particles  by  SDS-polyacrylamide  gel  electrophoresis 
showed  that  the  heavier  particles  lacked  penton  base, 
protein  V,  pVI,  pVII  and  pVIII,  while  the  lighter 
particles  lacked  penton  base  and  had  reduced  amounts 
of  proteins  V,  pVI ,  pVII  and  pVIII,  compared  to  WT 
virions.  Since  the  fiber  polypeptide  comigrates  with 
proteins  pVI  and  pVIII  it  was  impossible  to  determine 
whether  it  also  was  missing,  but  it  is  difficult  to 
envisage  how  it  could  be  present  in  the  absence  of 
penton  base. 
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Immunoprecipitation  of  cell  lysates  revealed  the 
absence  of  immunological ly  reactive  penton  bases  in 
cells  infected  by  group  J  mutants  at  39.5°C,  while  the 
amount  of  fibers  precipitated  was  comparable  to  that 
in  WT  lysates.  Upon  shift  of  cultures  from  39.5°C  to 
32°C,  all  4  mutants  of  this  complementation  group 
required  synthesis  of  new  proteins  to  form  virions. 
However,  all  viral  polypeptides,  including  those  which 
make  the  multimeric  penton  base,  made  at  39.5°C  were 
stable  on  prolonged  chase  at  this  temperature, 
suggesting  that  the  penton  base  polypeptides  made  by 
group  J  mutants  at  the  non-permissive  temperature  were 
incorrectly  folded  and  were  unable  to  re-fold  upon 
shift  a  to  the  permissive  temperature. 

These  data,  together  with  the  physical  mapping 
localization  of  the  lesions  present  in  these  mutants, 
strongly  suggest  them  to  be  mutants  of  the  penton  base 
gene . 


Further  studies  of  the  late  Ilia  protein  mutants 
and  characterization  of  the  Ad7  penton  and  fiber 
polypeptides  are  described  in  the  1981-82  annual  report. 
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